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= g∞(t)(E∞(t)− V (t)), 
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g∞(t) = Gexc(t) + Ginh(t) + gL,
E∞(t) = G






























ξ → Kt(ξ) ªef]TWxfj¥f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V (t) = E∞ ∗Kt (t), ¤ﬁjf]T
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g∞(t) = Gexc(t) + Ginh(t) + gL,
E∞(t) = G
exc(t)Eexc + Ginh(t)Einh + I(t)
g∞(t) ,
Kt(ξ) = g
∞(t− ξ) exp (− ∫ ξ
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ξ → Kt(ξ) j
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E∞(t) =
Gexc(t) Eexc + Ginh(t) Einh + I(t)
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exc + Ginh + gL
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7$°ªWnW{¤ﬁt]jf]Y5d*³
P (t) = P∞(t) ∗Kt(t), ¤ﬁj¥fvT

γ(t) = α(t) + β
P∞(t) = α(t)
γ(t)
Kt(ξ) = γ(t− ξ) exp
(− ∫ ξ
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η ∈ [0, 1] ­
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dvxX(YX(Y*XiWtvnY¯?kxfvY*9f]jqxm





























































η − x if x < 0,
η +
(1− η)x



















jqdx kn¶d]YfknNf]TWYniWd]*jldvdv¡#¸ejldCªUf]T#f§*x;i?YrWdgY5{Nf]k {eY¨Y¦fvTY   . ,ﬃG 2


































x → −∞ x{f]TY
dv#fvrt#f]jlknj
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G = G/s ª¤ﬁTjlmY$fvTY
ÏWxtxmlmYCm *knW{er°fvnWY gL ª?*xnjf]jlYCd c nW{jWref|*rt]tvY*9fdﬁd]CxmlY|¤ﬁjf]T s ³
gL = s/τ
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(x, y, t) = G∆V (x, y, t)− 1
τ













V (x, y, t) = H




























!@    
	  .ﬃ ﬁ< *(
2;TYC











































































P@ °­ 2;jf]T fvTY{Y¨Wjf]jlkn ®knt σ j 
PxŁ ªKf]TWjld
¤ﬁtvjf]YCdC³















































[¬fujqdun£ke*Cnd]jk@fvk$X(YCnd]rtvYf]TYﬁY*¶?Y5°fvdukx     H <ﬃ(.*.ke*rWt]tvjWo|jl(t]Y5YCef]k@tvdCª²f]TWxf xmlmk#¤d
fvTYht]Y*f]jlW(f]k®rWf]jlknExf|@Y*tvb{j¥¶Y*tvY*9fµjlmlmrX(jlW#fvjk@EmlY*@Y*mqd*­|SUTY*º¤¯Yh{eYCdvtvji?Y	fvTYY*¶?Y5°fdµkn
YCmY5°fvt]jq*nm*knrWmjlo(iY*fy¤¯YCY*f]TWY$t]Y5Y*f]kntd9jlYCtdgYConX(Y*9fd*­














<ﬃMﬁ Gﬁ°­\µWd]jWdﬁTxo@YµfvTY*jltzdgf]tvrW°fvrtvY$¤ﬁTY*§xidgk@t]ijlo  d]jo@mYTWkxf]k@´ªWk@tp9rWx9f]rWX kx3mljo@T@f

xP­¦SUTYt]k@iWxiWjmlj¥fybEf]TWxf£x¡jlW*knX(jWo¦Tknf]kn"jqd£niWd]kntviY5{ºicbEf]TYXhk@mY5rmlYjqd®r°f]jlkn
knUf]TY" . H! 
Ïknt	Y5p9rj#nmYC@fvmb@ª3kxUf]TYY*YCt]o@b|kxﬁf]TWYTknf]knª/fvTW#f({eY¨YCd	f]TY ﬁ6ﬃ2#  
ﬁGﬁ   knfvTYk@Wd]j´­U[Þ§TcrX x§tvYfvjndCªknWd]jlWdY*¸cjqdgfzj±®k@rtµ{j¥¶Y*tvY*9fz@Y*tdgjlknWdC­\µmbknY
jqd|tvYCd]Y*9fµjlEtvke{d*ªirfµfvTt]YCYfybc?YCd*n¦i?Y£®k@rW{Ej*knY@­·ﬁCk@tv{ejlo fvkfvTY(dgYCWdgjf]jlcj¥fyb§kn
fvTYzk@Wd]j jf¯k@9fvxjlWdCª9knWYﬁ¤ﬁjmlmi?Yµd]Tk@tgf]¢P¤U²nYCmYCoxfvT£d]Y*Wd]j¥fvj@Y-














fvTY #: ﬁ  Ekx¯d]?YCj¨(*xf]jlknTWxWY*mqdzjlEfvTY(X(Y*XiWtvnYnªfvTW#ft]Y5{erW*YfvTY(Y*mlYC°fvt]jq*nmKrtvt]YC9f
ﬀk#¤ﬁjo£f]TWt]k@ronTf]TY	*Y*mlm7­
· C#fxmlbO9CYC{ tvYCnf]jlknNTW@d(f]TYºn{e#x9fxonYfvk YCt]X(jff]TWY¦t]Y5nf]jlkn kx	"mlnt]o@Y§crXi?Y*tkn
X(k@mY5rmlYCdCª?dgfvntgfvjWo®tvknX nYCt]b®Y*¤C#fxmlbO9CY*tµXhk@mY5rmlYCd 
Ïd]jlWY£f]TY5dgY£ml@dyf|YCt]X(jfµfvTYht]Y5n°fvjk@
iWrefonmlknixmlmb¦tvY*X nj¡r9fvknrWTY5{i9bºj¥f °­§SUTcrWdCªfvTY f]TWt]YCY*xfvxmlb 9*Y5{ºtvYC@°fvjk@Wdj Txjl"nmmlk#¤
P5P
Ê.Q2R S<TS
!9    
	  .ﬃ ﬁ< *(
@Y*tvb"®Y*¤%TkxfvknWd£fvk"*mk9dgY§ºijlocrX£iYCt kx|jk@jlTWnY*mqdC­ SUTjqd(jqd(¤ﬁT9b¡k@Yfvnm«ed(kxµf]TY
WTkxfvkxf]txd]{er°f]jlkn #.ﬁ,#


































8 Ø²ÇÉÒxÍ°ßÔÓÆ yÈyßÉßÉÑÇÉÊuÙ7Î²È @3Ö vÙ7Î#ÓvÙÓÆ7È´Èﬁﬀ gÇ Ù7ÈyÅﬂÎ²ÈyÊÆÏÈ<yÈgÒCÙPÍ°ÆÏÑ©ÓÆÏÈ
ÇÉÊ²Î²ÇÉØ²Ç Ù7ÈyÅ- 5Ù7Î²ÆÏÍ°ÎÇÉÊ²Å²ÇÉÆÏÈ<ÞÙ - ﬁÈÞÙ¬ÓØxÍÙ7Æ7Í°Ò5Ç11´Ñ7ÛCÊ#ÓÒ²Ñ7ÈgÑ,% '(") Ë /Í3ﬂ©ÈÞÝÈyÆ3 #Ç Ù$yÍ²ßÉÅµØxÈKÇ1ﬁÒnÍ°Æ®ÙPÓÊ*Ù©ÕÆ7Í ÓÊ 79#&7  796:/"(
ÒnÍ°ÇÉÊÙUÍÕÝCÇÉÈ<ﬂzÆÏÍCÅ²Ñ3 Ù7Î#ÓvÙÓÆÏÈ|ØÛhÕlÓÆ4ﬁÍ°ÆÏÈÊ ﬁÈgÆÏÍ²ÑÙ7Î#ÓÊ yÍ°Ê²ÈyÑ! ÓÆ7È °ÈyÊ²ÈyÆPÓßÉß Û ÑPÓvÙ 5ÆPÓvÙ7ÈyÅÇÉÊ(Ù7Î²ÈzÅ#ÓgÛ*ÙPÇ1ﬁÈ 
ﬁÈ]ÓÊ5ÇÉÊﬁÙPÎ#ÓvÙÙPÎ²ÈÞÛÓÆÏÈUÓß ﬂ´ÓyÛ5ÑuÓvÙÙPÎ²ÈyÇÉÆ,ÓﬀCÇ1Óß9ßÉÇ1°ÎÙuÓØ²Ñ7Í°Æ7Ò5Ù7ÇÉÍ°ÊßÉÈyÝÈyßqË
1
ÕÙPÎ²ÈÞÛ#ﬂÈgÆÏÈÙ7ÍµØxÈ 7  (9/"6:7|ØÛ$ßÉÇ1°ÎÙ! 
ÙPÎ²ÈÞÛﬂ©Í²ßÉÅÓß ﬂ´ÓyÛ5ÑÎ²ÓgÝÈ ﬂÇÉÅ²Èyß Û¯Í°ÒxÈgÊ ¬Î²ÓÊ²Ê²ÈyßÉÑÇÉÊÙ7Î²ÈÅ²ÓgÛ*ÙPÇ1ﬁÈ ÕlÍ°Æ?yÇÉÊKÙPÎ5ÈgÇÉÆÇÉÍ°Ê²Ç1ÒﬁÒ²ÑWÙPÍ,ﬂ©Í°Æ UÓvÙÕ ²ßÉß²Ñ7ÒxÈgÈyÅ
ÓßÉß5Å#ÓyÛ¯ßÉÍ°Ê²Ë @Ê¯Ù7Î²È yÍ°Ê*Ù7Æ7ÓÆÏÛ: *ÙPÎ²È / # /	 /"61/1%#ﬁØÛußÉÇ1°Î*ÙWÇÉÑWÓ °Í*Í*Åﬂ´ÓyÛ Ù7Í3ÑPÓgÝÈ©ÈyÊ²ÈyÆÛÇÉÊ¯ÆÏÍ*Å²ÑÅ²Æ7ÇÉÊÙPÎ5È©Å#ÓgÛ*ÙPÇ1ﬁÈ°Ë

©Í°Î5ÈgÆÏÈyÊ*Ùﬂ/Ç Ù7ÎUÙ7Î²ÇÉÑÝCÇÉÈﬁﬂ& ÆÏÍ*Å²Ñ©ÓÆÏÈÍ°Ê²ß ÛyÍ°Ê²Ê²È<ÞÙPÈyÅÙPÍuÑPÒxÈ<yÇ 2 @
2
8 Ø²ÇÉÒxÍ°ßÔÓÆ yÈgßÉßÉÑ3 °ÙPÎ5È/Í°Ê²ß Û¯Ù Û5ÒxÈÊ²ÈyÈyÅ²ÈyÅÙ7ÍuÅ²ÈÞÙPÈ<ÞÙ




































#nmjq{#fvjk@¡®knt(n{Wxef#f]jlkn mYCnY*mqd	knzmljo@T@f({ej¶?YCt]YC@fhf]Tx {Wxtv«9WYCdvd*­º[¬fhX£rWdyf(knWmb"i?Yd]Y*YC nd

















































































!n    
























x → 1 − exp(−x)  nW{;¹§jqTWxYCmjqdy¢Þ¹§YC@fvY*Nd]xf]rt#fvjk@ 




GexcR (t) = Gmax−
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tvY.ﬀYC°fvjk@WdCªKf]TWxfml@«¡ijlimjlkno@tvnTjq*nm
#nmjq{#fvjk@´­zSUTjqd|dgY5°f]jlknEjld wyrWdgfzf]TWYke*Cnd]jk@±®kntzrdfvkmq²b¤ﬁjf]TEf]TY£WxtxX(Y*f]Y*tdﬁjl9f]tvkc{rWY5{
jl Y5p@r#f]jlkn 
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Y*tjlmlmrX(jlW#fvjk@Wd(nd£¤¯YCmm
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¬­ SUTWn«ed	fvkEXhk@t]YYC@dgjlmb"Y*¸e*j¥fximlYknWd]j 
®tvTke{eknWd]jl °ª
nW{Ef]k§{ej¶?YCt]YC@f$X xo@jf]rW{eY5dkxU*#fxmlb 9*Y*t$*knW*Y*9f]t#fvjk@Wdzjlf]TY(TWkxf]knf]txWdv{erWf]jlkn*ndv*@{eYnª
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ijl?knmqxt	YCmmqd  #<M Ut]Y5Y*f]jlnYh¨WY*mq{ 
Ïd]Y*Y`eYC°fvjk@º­ !/°­
2Y*nnmlb¦fvTY mjlY5xtX(kc{Y*muknﬁ`cY5°fvjk@ !W­ !f]k§tvYC*Y*efvknt$k@rmljWoWª¤ﬁjf]T¡nºjlrefhrtvt]YC9f
{Y¨WY5{±ndf]TWY$mjlonT9fg¢¬jlW{erW*YC{rtvt]YC9fﬁCxrWd]YC{icbTknf]knf]txWdv{erWf]jlkn´³
I(x, y, t) = GexcR (x, y, t)E
exc,
¤ﬁTWY*tvY
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VR(x, y, t) = V
0
R + AR ∆G
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[Þ|fvrt]ª5tvYC*Y*efvknt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xWd]X(j¥f´fvTY*jlt´?kxfvY*9f]jqxmx#nmrY5df]kﬁTWkntvj9Ckn9fvnmxY*mlmqdf]TtvknrWonT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fvk d]jX(mlj¥®bN*nml*rmq#f]jlkndxW{N«@Y*YC;knrtmljlYCnt®kntvX xmljld]X±­ 2ºYEnmld]k d]r?k@d]Y§f]TWxftvYC*Y*efvkntd
fvtvnWd]XhjffvTY*jlt§dgjlonxmµf]k Tkntvj9Ckn9fvnmµ*Y*mlmldjl rtvY*mlb ®Y*Y5{c¢7®k@t]¤Uxt{NX xWY*t5­ SUTWY*tvY@°f]rxmlmb










GexcR (x, y, t) = G0 + ∆G(x, y, t)
fvk
VH (x, y, t)
*xi?Y$¤ﬁt]jfgfvY*´³
VH(x, y, t) = V
0
H + AH ∆G
x,y,t∗ HR t∗ TτSyn



















































































VH (x, y, t) = V
0
H + AH ∆G
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τSyn ' 100 X d°ªcfvTY*j¥fUX(jo@T@fiY5k@XhYzf]TY|X xjl*kn9f]tvjiWref]jlkn fvk TαH ,τH
ª
mlYC@{ejlohf]k
αH ' 0 xW{ τH ' τSyn ­ `cYCY	·Y*¸· ®kntﬁX(k@t]Y${eY*fvxjlmqd*­






*Y*mlmldd]Y*Wd]jf]jlnY	fvkd]rW{{Y*4H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 ﬁhjmrWXhjlk9dgjfybnª´d]jYht]Y5Y*f]kntdﬁfvTY*X d]Y*mlnY5d|nt]Y£Y¸jf]Y5{¦icb
mljlonT9fu{eYC*t]Y5nd]YCdC­\µfvTYﬁk@@fvtvnt]b@ª@\!ﬁ¢¬ijlk@mlnt*Y*mlmldKnt]YTcb9?Y*tv?knmqxtvj9CYC{	icb	tvYC*Y*efvkntd/nW{h{eY*?kx¢
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xW*Y¢¬iWnd]YC{¦®kntvX(nmjqd]X ®knt$ijlk@mlnt	YCmmqdmY5n{drd${ejtvYCf]mlb¦fvk±d]YCf]jlkn !­:8n­:8hnW{ºf]TY
Ã¯[y X(kc{Y*mPª¤ﬁjf]Tfy¤¯k§*knW{er°fvnWY(jlrefd*ª/knY Y*¸jfv#fvkntvb¦xW{Ef]TWY kxf]TWY*t$jlTjlij¥fvkntvbnªxW{jl
xt]f]jqrmqxtKfvk	YCp9rWxf]jlkn 
P 3fvTW#f{eYCdvtvji?YCduf]TYµY*@knmlref]jlkn kn?fvTYµ*kntvt]Y5dg?kn{ejWo	Y*mlmqd @XhYCXitxWY
?kxfvY*9f]jqxmP³
V (t) = E∞ ∗Kt (t), ¤ﬁjf]T






∞(t− ξ) exp (− ∫ ξ
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±tvYCd]rmfCª/¤¯Y ¤ﬁtvj¥fvY f]TWY mjlYCnt	tvY*mq#f]jlkni?Yfy¤Y*Y*¡mljlonT9f	j{erWY5{¡k@W{erWfvxYCd$nW{ijlk@mlntYCmm
?kxfvY*9f]jqxm´@d*³
VBip(x, y, t) = V
0
Bip + AC ∆G
x,y,t∗ HBip (x, y, t),
with :

HBip = HC − wHS ,
HC(x, y, t) = GσC (x, y)TαC ,τC (t),
















¨Y*mq{d*ªnW{±xtvjld]Y|t]Y5dg?YCf]jlnY*mlb ®tvknX fvTY$tvYCYCef]k@tﬁdgjlonWnm´xW{®tvknX fvTY$Tkntvj:9*kn9fxm©YCmmqdd]jo@WxmP­
AC
jqdUfvTYf]knfvxm©o9xjl®k@tﬁf]TWY# 2 	Wxt]fﬁkxf]TY¨m¥fvY*t  j¥fz*knrmq{iYCxmqrmq#fvYC{ndﬁhtvke{erW°f



























0 < w < 1
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HBip = HC −HS nt]Y£iY5dyf$dgYCY*Ef]Ttvknro@T
fvTY®knmlmlk#¤ﬁjo({eY5knX(?k@d]j¥fvjk@´ª{ejlt]Y5°fvmbk@iefvnjWYC{®t]k@X 
*!@ °³
HBip(x, y, t) = [GσC −GσS ] (x, y)TαC , τC (t) + GσS (x, y)
[





SUTY±¨tvdgf(f]Y*tvX knzfvTjlddgrX jld "d]W#fvjlnmmlb iWnW{c¢¬Wndvd£¨Wmf]Y*t5ª¤ﬁTjmlY±f]TWY¦dgY5kn{¡f]YCt]X jld 
fvY*X(?kntxmlmb$fvtvnWd]jYC@fK¨m¥fvY*t5­SUTYU¨tvdgfKf]YCt]X jWd]rtvYCd3fvTW#f |fvY*X(?kntxmlmbdgfvxf]jqUiref¯d]Wxf]jqxmlmb	Wkne¢
rWj¥®k@t]X 9*k@Y$kx3fvTY	jlX(nonY 




HC − wHS ­
P5P
Ê.Q2R S<TS
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·z9bc¤U²bnªf]TWY  o@t]k@rW{¯knX(?knYC9fkx$ijlk@mlntYCmmqdjqd*Y*t]fvnjmlb mlYCdvdjlX(k@tgf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 iWnW{c¢¬Wndvd Uk@X(k@Y*9f®knt±d]*Y*Y"xWnmbed]jldC­ rt]f]TWY*tvXhk@t]Y@ªﬁ®tvknX, dyfvt]jq°f¨Wmf]Y*tvjlo ?knjl9fkn
cjlY*¤$ª©fvTY o@njkx¨Wmf]YCt
HC
jqdXrWT"ijlono@Y*t|f]Txf]TWxf	kx¯f]TY      # kx¯¨Wmf]Y*td
HC − HS ­
SUTWjldhX(YCnWd	fvTW#f5ªK®knthfvTYfvkxfxm¯¨Wm¥fvY*thf]k"{ejqdgWml²b¡x dgYCWd]jimlYX(j¸cf]rtvYknzi?kxf]T  o@t]k@rW{3x{
 iWnW{c¢¬Wndvd 3k@X(k@Y*9fCª
w
X£rWdyf i?Y@Y*tvb mlk@d]Yfvk 8 
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fvTYCd]Y$fy¤k{eYCml²bed¤knrWml{±k#¤ i?Y£*knX(WxtxiWmY@­USx«cjlo fvTY£ntvk²¸cjlX #fvjk@
(1 + αC)τC ' (1 +
αS)τS ' τ ®kntUf]TWYCd]Y*Y*mlmldCªk@Y|¨WW{dUfvTW#fUfvTY*jltﬁ¨Wmf]YCt*x±i?Y	xWt]k²¸ejlX(xf]Y5{icb³
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TmY5d]d
rWW{eY*t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d0 if r < R0,













σ0C if r < R0,
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t ∈ [nτlin, (n + 1)τlin] ­
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­ SUTWxfﬁjldCªj ∀t, δG(t) <  ªefvTY*
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E∞(t) =
Gexc(t) Eexc + Ginh(t) Einh + I(t)















































































"d]jo@WxmfvkEi?kxfvT i?YXrWm¥fvjmljlYC{ icbfy¤kºnd£¤Y*mlm7­Z¯rfhjfh¤knrWml{ nmld]k¦X x«@Y¦iWjo@onY*t
{jcjqdgjlnY|f]YCt]X




fvTY d]*Y*Y(mlrX(jxW*Yn­ SUTjqdjW*t]Y5nd]YC{Ejc#xtvjlnWY£f]k§mlrX(jlWxW*Ynª@°fvjo®k@t  d]X(nmm©#xtvjlxf]jlknWd
kn´mrWXhjlWnWYﬃ












Y*¸emlnjd{ejlcjld]j@Y¯dv*nmjlojlE .  ﬁﬃ . -#< ﬁ knmlb 
Ïd]Y*YU`cYCf]jlkn !W­8@­  /d]kWª²jf]TY¯tvYCd]Y*9fdgfvxf]Y kn
k@rtUX(kc{Y*mPªkn9fvtv@dyfo@xjl*kn9f]tvknm©Cxknfi?YY¸emqxjlYC{f]TWt]k@ronTf]TY$dvxX(Y|{jcjqdgjlnYX(YCTWnjqdgX
@d$fvTW#fht]k@k9dgY5{º®kntiWj?knmqxthY*mlmqd*ªf]T#f£¤knrWml{"i?YnmljY5{"f]kºo@xWonmljk@Wxt	*Y*mlmldC­¦~#fvTY*t5ª3¤¯Y
































































9    
	  .ﬃ ﬁ< *(
  ﬃ) ¼  ¼ )'*)C ) À )C ¾ ²2)5C ¼  ½ )
&





ª !nnt]Y±fvTknrWonTNf]k iY¦X(Y5{ejlxf]Y5{;icb mlknon¢PtxWonY
nX ntvjlY$Y*mlmqd*ª?k@dvd]jimlbfvTtvknro@T±d]jl«nY5d 
Ïd]Y*Y`cY5°fvjk@­ ­  °­U·mf]Tk@ronT±Y¸e?Y*tvjX(YC@fxm©¨W{ejlo@d
dgf]jlmlm?mqn«h®k@t fvTjldTWY*k@XhYCknª9jfﬁknrWml{YCnd]jlmb(i?Y|dgf]rW{jY5{¤ﬁjf]Tk@rtt]Y*f]jlWxm©d]jX£rmlxf]k@tC­[ÞW{eYCYC{©ª














tvYCd]rmfCª@knY*knrmq{ k@Wdgjq{eYCtKknrtuo9xo@mjlknxt3rjfvd¯ndKi?Y*jlo	{ejlt]Y5°fvmb5N ! *Y*mlmld xW{hjlXhWmYCXhYC9fCª
fvTtvknro@TºfvTYd]jl«9jloEd]jlXrmq#fvknt5ªmq#f]YCtvnmujl@fvY*tnf]jlknWd$jl"f]TWY 5N !ª/k@t	Y*@Y*¡dgWj«cjlo§®Y*Y5{eiW@«cd
®tvknX%hd]jlXhWmj¨WYC{X(ke{eY*mkxfvTY$tvjX nt]bcjqdgrxm´k@tgfvY¸©­
jlWxmlmb@ª´knrWt|X(ke{eYCmuknrWml{EiY Y*¸9fvY*W{YC{§fvk±Xhke{eYCmjlo±kx   tvYf]jlW@dzfvk±¤¯k@t]«±knijlkermqxt












2Y|t]k@k9dgY5{ 	X(ke{eY*m?®k@t¯tvYfvjWnmWt]keY5d]d]jlo	iW@dgY5{ kn fvTY|Tcbcd]jlknmlknonjq*nmWdgf]tvrW°fvrt]Yµkxt]Y*f]jlW­

























)   ﬁﬀ" ﬁ£.





n    
	  .ﬃ ﬁ< *(
  " 	 		./	 	!  º	ﬁ£./	  °./U
[Þ"fvTYtvYfvjWWªfvTY fvtvnWdgX(jqd]d]jlknkxﬁcjld]rWxm¯dgjlonWnmKf]TWt]k@ronT"XrWm¥fvjmlYmq²bnYCtvdknU*Y*mlm X(Y*X£itvnYCd
nW{f]TWt]k@ronT¦TYCX(jlCxm/d]bcWxdgY5djlW{erW*YCd|dgYCt]jlYCdzkxKmlk#¤U¢PW@d]dzknc@knmlref]jlknWdkxKf]TWY£d]jo@Wxm´¤ﬁjf]T
{YC*²bcjlo Y*¸c?knWY*9f]jqxmµ¨Wmf]Y*tdC­ [¬mljlYCntCªﬁfvTYEtvY*mq#fvYC{ {Y*mq²bcd*n i?YºnCk@r9f]YC{;®kntf]Ttvknro@T




















7· ªuxW{ f]tvbºfvkCxmqrmq#fvYk@thntvk²¸cjlX #fvY f]TY¨Wmf]YCt(t]Y5dgrmf]jloE®t]k@X 
Cndv*@{eYµknd]rWT±Y¸e?knYC@fvjlnm´{eYCC²bed*ªc¤ﬁTk9dgY$k@cnknmlrefvjk@«nYCt]WY*m©jqd*³






















     ﬀﬂ   ﬀ ﬁ  	   






Fτ, τ, . . . , τ︸ ︷︷ ︸
k + 1
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+ ªU¤ﬁTY* α > 0
­ LzY*tvY§xo@njª knfv#fvjk@Wd xtvY±knTWY*tvY*9fC­
[Þ{eY*Y5{©ª©®rWf]jlkn
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τi ' 0 ªc{ekcYCd

































































T˜α,τ (ξ) = 1 + j ((α + 1)τ) ξ − 1
2
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Ï· 
(8, 102, 15) → (2.8, 11.5) 
7Z  (27, 35) → (0.9, 25.5)

PÃ 
(52, 42) → (0.49, 34.84) 
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(x, y, t) = GR ∆VR(x, y, t)− τ−1R VR(x, y, t) + Iexc(x, y, t)− (aVH(x, y, t) + b)
dVH
dt
























−jξtV˜R(ξx, ξy, ξt) =
(− GR(ξ2x + ξ2y)− τ−1R )V˜R(ξx, ξy, ξt) + I˜exc(ξx, ξy, ξt)− aV˜H(ξx, ξy, ξt)
−jξtV˜H (ξx, ξy, ξt) =
(− GH (ξ2x + ξ2y)− τ−1H )V˜H(ξx, ξy, ξt) + cV˜R(ξx, ξy, ξt),
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xWdg®Y*t
®rWW°fvjk@®k@tﬁTkntvj:9*kn9f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τ−1R + GR(ξ2x + ξ2y)− jξt
)(
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∀(ξx, ξy, ξt), ∂‖H˜H‖
∂|ξi| (ξx, ξy , ξt) < 0,
®k@t
i = x, y
­
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HC(x, y, t) = GσC (x, y)TαC ,τC (t),












8,$¹ ­ ZUnT´­ \µefvjlCxm jlmlmrWd]jlknWd nW{ Âzjqd]rWxm WTY*k@X(Y*WW­ 2;Y*i ³
T9f]f]´³    #¤ﬁ¤ﬁ¤$­ X(jqTWxYCmiW@T´­ {eY  #kxf  #j{eY¸©­ T@fvX(m7ªex@n­

 L­ Z|­ﬁZUxtvmk#¤ nW{ 2 ­ﬁ~$­ ´YC9jq«­ SUTYX(YCTWnjqdgX kx{jtvYCf]jlknWnmmlb;dgYCmY5°f]jlnYºrjfvdjl
txiWij¥f  dUtvYfvj­  	 ! ﬁ *.¥ª58##Ł³ c@xxª 8F@@e­

























  !zjl*knmqnd(Zt]rWY*mPª txYCd(`­¯Ã¯TWnWY@ª !jqk@ml@d(knrWtvCxrW{©ª¯xW{ u­K­u·ii?kxf]fC­ Du¶?Y5°fvd(kn
d]bcWxf]jq±knjqdgY¦nW{ ¨Wmf]YCt]jlo¡kn fvTY§®tvYCp9rY*b tvYCd]?knWd]Y±kx	dgWj«cjlo¡Y*rWt]k@Wd*­ 	 ! ﬁ %#.
   (*,   <ﬁ°ªŁn 
 8C/°ªx@G8n­

 >£­Ãnj7ª Nh­Ãµ­ >µYCxWonY*mljqd*ªxW{ >£­utvY*Y*X n´­ `cW#fvjknf]YCXh?kntxmUtvYC*Y*efvj@Y¨Y*mq{ k@t]o9xj:9Cx¢
fvjk@Ejl¦fvTYmq#fvY*txmonY*Wjl*rmlxf]Y£9rmlY*rWdµkx C#fvd|x{§«cj¥f]f]Y*d*­  

  .  ﬂ ﬀ





Ł  >£­µÃ¯knmlY*mlmq­ 2;YCi ³ T9fgf]³    ²¤ﬁ¤ﬁ¤$­ Xhjf]tvYn­ kntvo  #Y*¤d  5fvTY
	ﬁY5{eonY  #d]Y*efvY*X£iYCt	 F




F  >£­2>|n*Y*bnW{±¹¡­es3Yf]YCtvd]kn­ >µY*{et]jf]jq|¨WYCml{±d]j9CYnW{Xhk@t]WTknmlkno@b kx/X(jq{eonY*fzxW{Wntv@dgk@m





8C |s3­G>|²b@nxW{ﬂ ­9­e·iWiknfgfC­ 'G<.%#  ﬀ

.ﬁ.#* #<      ﬃ

  6*  .    .!G . 
%#   
    ﬂ  





­xo@TmlknrmPª' ­ Lz@xtdgX ªxW{ s3­`9fvY*tvmjlo­ Z¯jl?knmqxtYCmmqd*kn9f]tvjiWref]Yf]k
WknmljWYCxtdg#f]jqxmd]rX(X(xf]jlkn jl;fvTYEitvjqdg«9¢Pf]txWd]jYC9f"
 ﬂo9xo@mjlkn;YCmm|jl X xX(X xmljln
tvYfvj­  

  .  ﬂ ﬀ

 ﬁ,#* # *ªG8$
 8(F$³É#nc#9#ªn\|°f]k@iYCtzx@G8n­

85·­ >µYCdgf]Y¸eTY@ª¹ ­ ~ﬁrW{ek@mWT´ªnW{ >­ s3nt]}@­ SUTWYTWjo@Te¢¬*knW{rW°fxW*Y±dgfvxf]Y±kx|Y*ke*knt]f]jq*xm
WY*rtvknWdUjl±cj@kW­ - 

   *, ﬁ ﬀ

 ﬁ,#* #<ªe³É !HFWxG8nª9nn
!­

8!  >£­U¹¡­ D nonmlY*X x´­_ÂzjqdgrxmzjlmlmrWd]jlknWdnW{ Y*rWt]k@ijk@mk@onb@­ -.






8* 	Ãµ­ DuWt]knf]Te¢gÃ¯ronYCmmcx{	·	­2 ­#tvY*YCX(n´­cSUTY tvYC*Y*efvj@Y¢P¨WY*mq{	d]W#fvjlnm9dgf]tvrW°fvrtvY kxWC#ft]Y*f]jlWxm
ﬂ*Y*mlmldC­  





x    
	  .ﬃ ﬁ< *(

85	Ãµ­ D t]knf]Te¢gÃ¯ro@Y*mlm3nW{ ­ Nh­´~ﬁk@iWdgk@´­SUTY(k@9f]tndgf|d]Y*Wd]j¥fvjcjfyb¦kx¯t]Y*f]jlWxm3o@nonmljlknE*Y*mlmld
kn/fvTY	*xfC­  	 ! ﬁ * Ôª 85Ł9c³É 8#nnªG8F@nW­

8C S­ DurWmYCt|nW{¦~$­ L	­©¹¦@dgmqx{©­ jo@T@f]¢PYCnk@«nYC{tvYCd]k@Wd]YCdﬁkn ijlk@mlntµYCmmqdµjX xX(X xmljln
tvYfvj­   ﬀ






 * ﬁ  ﬁ   ﬁ°ªW@ŁW³ 9e@eªM8F
FnŁ­

8CŁ  ­JN|Y*jlY*t5ªﬃu­´`cYCtvWª´xW{ u­©ZY*tvW#fvT´­`9f]k@jlof]TY(TYCt]X xW¦ontvjl{EjmlmlrWdgjlknºicb¦dgjlX(mY(d]jY
{jldgf]k@tgfvjk@´­3[Þ   	ª?nnnW­

8F  2 ­ N|YCtvdgf]WY*t xW{ 2 ­

jqdyfvmYCtC­ Hﬃ   

 .  
 ﬁ­ ÃxX£itvjl{eo@Y zj@Y*tdgjfyb"sutvYCdvd*ª
nn9e­

x  ­ LYCtvnrm¥f5­´· X(ke{eYCm?knk@mk@rt tvkeY5d]d]jWo	jf]TYµt]Y*f]jlW	kn´nYCtgfvY*it#fvYCdC³´®tvknX Tknf]kntvYC*Y*e¢
fvkntdµf]k±knmlknrWtµk@k9dgjf]jlknxW{ºk@mk@rt$kndyfxW*bWTY*k@X(Y*WW­ ﬀ






 8,$`©­ LzkeTWdyfvY*jlnW{~$­e¹¡­`cTWnmlY*bn­ ´jlYCntnW{ k@mjlY5xtUdgWxf]jqxm?dgriWrjfvdjﬃﬂ C#ft]Y*f]jlWxm








 !  >£­ L	­ Lzri?Y*mµnW{NS­'!­2;jlYCd]Y*mP­ ~ﬁY5YCef]jlnY±¨WYCml{Wdkxknf]jq§Y*tvnY±¨it]Y5d jl fvTYEd]jq{eY*t















  . )ﬂ ﬀ






D­@WY*tvWxW{Y9nª9xW{ ~	­ !zY*mqdgk@´­ 2;YCic9jqd]jk@³fvTY|\µtvo@xWj95#f]jlknhkxfvTYz~ﬁY*f]jlW	x{




t# f5ª2>­?¹¡­?`TY*YC¤¯YCjldCªWnW{ W­ u­`eTWWxey­Âzjqd]rWxm©fvtvnWdv{erW°fvjk@±j§TcrX x±tvke{
WTkxfvkntvYCYCef]k@tvdC­   





xŁ S­ >­ nXi´­ `cW#fvjlnmztvkn?Y*t]f]jlYCd(kn$Tkntvj9Ckn9fvnmYCmmtvYCd]?knWd]YCd jl f]TY¦f]rt]f]mlY¦tvYf]jlWW­  





 F ¹ ­W·	­W¹ExTk#¤Uxmq{nW{±Ãµ­¹§YC@{©­uSUTY$dgjlmljl*knt]Y*f]jlW­ #     lªxn 
P °³Ô#cŁ9eªG8(FHFG8@­

!n |Â£­K¹¦x9f]Y@ªu~$­3·	­3t 9*k@tCª3Â£­ZknWj´ª 2 ­K`­ N|Y*jqd]mYCtCªKx{ ¹¡­uÃxtxW{ejljP­¦[ÞW{eYCYCW{eYCWY





















!@ >£­ 2ºYCYC{eX x¡¹§k@ml²cjPª ­´sutvjqYnª L	­Zrtgfvkn´ª3x{ >£­Âux D dvdgYC´­§SUTY 2 ­ ­ `©­ ¹ !zY*rtvkx¢





­[°­ !zx«# nW{ 2 ­U·	­U~ﬁrWd]T@fvkn´­ SUTYEo@Y*YCtvxf]jlkn;xW{;d]tvYC@{Nkx	dy¢¬?kxf]YC9f]jqxmqdjl;¨d]T


















!n  Nh­3\|dyfvY*tviYCt]o­hS/kn?kno@tvnTcb§kx fvTY mq²bnY*tkntvke{d$xW{k@YCdjlf]TY TcrX nºtvYfvjWW­  	# 
 





­/sKxmq9CY*¤d]«cj7­¦S/rtvYC{"k@¡i9b Ã 2+ 0ESUTWYTcbedgjlknmlkno@bºx{





!nŁ ­3~ﬁjlY*«nYxW{ >£­/·­ZU²bcmk@tC­±`cjlonmlY¢¬Tknf]kn {Yf]Y5°fvjk@¡i9btvkc{"*Y*mlmldkxUf]TYt]Y*f]jlW­     




!HF 	\£­~ﬁkeTY*mP­ 5  <ﬃHﬃ 1#G. M6* ﬃ2

 E
  ﬁ, 6*    ﬁ 

 .*. H 


 .ﬁ  ﬃ

 ﬁ *.M ﬁ°­usuT2>f]TY5dgjqd*ª zjlnY*td]j¥fv} LzY*tvj´s3knjlWCxtv}z¢ !µxW*b8nªnnnW­

@ 	\£­e~ﬁkeTYCm©xW{1>­e¹¦ntgfvjY9n­·YCnYC@f]¢¬{t]jlnYC ®tvnX(Y*¤kntv«®k@t fvTY|d]jlXrmq#fvjk@kx/Yfy¤kntv«ed
knudgjl«cjWo Y*rtvknd*­¯[Þ 	 #  .!  

 ﬃ2.  . ﬃG.ﬁ 

K ﬀ     #%. ﬀ

 . ﬀ    ﬁ°ª
xonY5d F9 !@nWª9x@H!W­

28,~	­ 2 ­U~ﬁke{ejlYC«­  µrWn9f]jfv#fvj@Y¦xWnmbed]jldkx$*#ft]Y*f]jlWxmo9xo@mjlknNYCmmµt]Y5dg?kndgY±fvk cjld]rWxm
dgf]jlXrWmjP­   ﬁ *.   ﬁ. #cª³ nŁH!cn28nªG8(Fn9e­

9 ­ u­`eTWWxeyªZ|­ ­ !zr´ª¹¡­e¹§Y*jqdyfvY*t5ªexW{ >­·­eZ²bcmlknt5­´Âzjqd]rWxm?f]txd]{er°f]jlknj±k@YCd
kn/fvTY$X(kn«@Y*bX @*nC	Ï@d]*jl*rmqxtvjldC­  	  ﬁ<* Ôª?9@
 8°³ nŁG8  8!ª28FHF@­


! ¹ ­`eTtxryªZ|­'jWonY*mliW@T´ª¯nW{ D­ ~$­ 2;jldgfC­ SUTY¦dvjl@fvjmlmq#f]jlo¡o@t]jq{ jmlmrdgjlkn´­   ﬁ *.










9~	­c¹ ­e`eTWxmlY*b nW{ ­O>£­cÂzjq°f]k@tC­´SUTWYµY*¶?Y5°f¯kn/k@9f]tndgf kn fvTYfvtvnWdg®Y*tt]k@YCtgfvjY5dukn*#f
tvYfvjxm©o@nonmljlkn*Y*mlmldC­ 'G   

  .  ﬂ	 ! ﬁ *.:  #ªnŁ@ 
 8³ 9xe F@ŁªG8(F9xŁ­
P5P
Ê.Q2R S<TS
xŁ    
	  .ﬃ ﬁ< *(

@   ­uS/nkWª ¹ ­ `cTY*mlmlY*bnª >­u¹E nronTWmjl´ª nW{ ~$­ `eTWxmlY*b@­ · Y*o9xmlj¥fxtvjln Y*fy¤¯k@t]«"X(ke{eY*m
®k@tfvTYYCX(Y*tvonY*Y kxzd]jlXhWmYnW{ *knX(mlY¸¡Y*mlmqd	jl cjld]rWxmk@tgfvY¸©­ 	 # - 6  	#H  # ª
85G8/
 8³ !@n !9 8nª 9xcrWnt]bnnnW­

c ­ ¹¡­3ÂuxmlYf]k@ nW{ >£­KÂux !kntvtvY*´­ ´jlonT9f n{nefvxf]jlkn knztvjX xf]Y±knWYCd³· xWnmbed]jld
ind]YC{kn±Y¸cf]tn*Y*mlmrWmlnt{xfvW­   ﬁ *.   ﬁ  # eª ! 
 8² °³:85H!HF85xceª 8FnŁ
!­

@Ł  ­ >­eÂµjlf]k@tC­SUTWY|{ebcWnX(jlCd kn´f]TY*xftvYfvjxm  *Y*mlm©Y*9fvt]Y@­'G   






F  ­ >£­´Âzjq°fvknt5­SYCX(k@tvnmund]Y5°fvdknWY*rtxmu*kc{jo±jlf]TY tvYfvjW±nW{mlxf]Y*txmKo@Y*jqrWmlxf]Yn­




     ﬁ   ﬁª 85 
Ï/°³ ~ 8 c~@ª !k#nYCXi?Y*t 8F
FHFW­

x  >£­ W­ 2;jlY*mqnntv{´ªU¹ ­`cTYCmmlY*b@ª >­¹¦ /xro@Tmlj´ªﬁnW{N~$­U`eTWxmlY*b@­ Lzk#¤ d]jlXhWmY¦*Y*mlmldxtvY
X @{eYj§hknWmjlYCntUYfy¤kntv«(Xhke{eYCm´kx/f]TYcjqdgrWnm´k@tgfvY¸©­ '2   










Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes
4, rue Jacques Monod - 91893 ORSAY Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
